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Introduction
During the last decade, organic molecules bearing both electrondonating and electron-withdrawing fragments, for instance pyrimidineethiophene conjugated monomers and polymers, have received considerable attention due to their promising optical and electronic properties.
1 Therefore, a search for an access to novel (hetero)arylated bithiophenes is an important task in organic and organometallic chemistry. 2 The palladium-catalyzed Suzuki, Stille, and Negishi crosscoupling reactions provide a valuable synthetic basis to prepare such compounds. 3 However, these reactions require a preliminary preparation of organometallic intermediates (Scheme 1).
It is known that aryl halides can be coupled with a number of electron p-excessive five-membered heteroaromatics, 4 including thiophenes 5 in the presence of a palladium catalyst (Scheme 2). Indeed, the palladium-catalyzed arylation of heteroaromatics with aryl halides has proved to be a very powerful method for the synthesis of a wide range of aryl substituted heteroaromatics. Aryl-aryl cross-coupling reactions with simple thiophenes have been well elucidated, 5 whereas the palladium-catalyzed arylations of bi-, ter-, and polythiophenes have been scarcely studied. 2 It should be noted that only a few examples of the preparation of monoarylated bithiophenyls by direct arylation reactions have been reported. 2, 6 Another synthetic methodology to form the CeC and CeX (X is a heteroatom) bonds is based on nucleophilic aromatic substitution of hydrogen (S N H ) (Scheme 2). 7 The advantage of this approach is that it does require the presence of a halogen atom in aromatic substrate nor an expensive metal catalyst.
In this paper we wish to report new protocols for the direct monoarylation of 2,2 0 -bithiophene and its analogues by action of 5-bromopyrimidine. These reactions have been shown to proceed in a regioselective manner to give the corresponding CeC coupling products at C-5 of 2,2 0 -bithiophene, although the outcome of these reactions appears to depend on the nature of the activating agents and reaction conditions.
Results and discussion
It has previously been shown that 2,2 0 -bithiophene reacts with a number of bromo-substituted (hetero)aromatic compounds, including 5-bromopyrimidine, in the presence of air-stable [PdCl(C 3 H 5 )dppb] complex as catalyst at 150 C for 16 h to form 5-(het)aryl-2,2 0 -bithiophenes. 2 In order to determine the reactivity of 5-bromopyrimidine (1) toward bithiophene (2a), 2-phenylthiophene (2b), and [2,2 0 :5 0 ,2 00 ] terthiophene (2c), a series of microwave-assisted palladium-catalyzed CeC cross-coupling reactions have been performed under various reaction conditions (see Scheme 3, Fig. 1 , Table 1 ).
Initially we explored the activity of Pd(OAc) 2 (taking into account that it is one of the best catalysts 8 for direct arylations), in combination with two phosphorus ligands, such as triphenylphosphine or tricyclohexylphosphine. Also we have examined some classical catalysts of organometallic chemistry, such as Pd(PPh 3 ) 4 and Pd(dba) 2 .
Scheme 2.
Scheme 3. It has also been shown that the formation of the diaryl derivatives of 2,2 0 -bithiophene (6e8) and its analogues (10, 11, 13) in these reactions is possible. In order to minimize the formation of these by-products, we used an excess of 2-(het)aryl substituted thiophenes 2aec. Since 2,2 0 -bithiophene, 2-phenylthiophene, and [2,2 0 :5 0 ,2 00 ]terthiophene are relatively stable under the reaction conditions, an excess of these reagents can easily be recovered after the reaction.
We have established that the reaction of 5-bromopyrimidine with 2 equiv of 2-(het)aryl-thiophenes 2aec in DMF under microwave irradiation at 180 C in the presence of mixture 10 mol % of Pd(OAc) 2 and 20 mol % PCy 3 (catalyst) with 3 equiv K 2 CO 3 (base) provides the best yields of 5-[2,2 0 ]bithiopen-5-yl-pyrimidine (3a), 5-(5-phenylthiophen-2-yl)-pyrimidine (3b), and 5-[2,2 0 ;5 0 ,2 00 ]thethiophen-5-yl-pyrimidine (3c) (Table 1, entries 2, 4, and 7, method B). All of these reaction mixtures have been analyzed by GCeMS and several by-products were identified. Moreover, the crystal structure of 5-[2,2 0 ]bithiopen-5-yl-pyrimidine (3a) was established unequivocally by X-ray diffraction study (see Fig. 2 ).
Another approach for the direct (hetero)arylation of fivemembered p-electron-excessive heterocycles by action of 5-bromopyrimidine is the S N H -reaction catalyzed by a Lewis acid. Previously, we have used this S N H -protocol for coupling of rather simple heterocycles, such as thiophene, pyrrole, and indole, with 5-substituted pyrimidines. 9, 10 In this paper we wish to report application of the S N H -methodology to more complex 2-(het)arylthiophenes 2aec.
It has been found that 5- 6 in an aqueous solution of KOH (Scheme 4, Table 2 ). The reaction mixtures were analyzed by GCeMS. 5-Bromo-4-(het)aryl substituted pyrimidines 16a,b were obtained in moderate yields due to side reactions (see Fig. 3 ). The structure of 4-[2,2 0 ]-bithiophenyl-5-yl-5-bromopyrimidine (16a) and 5-bromo-4-(5-phenylthiophen-2-yl)-pyrimidine (16b) has been established unequivocally by X-ray crystallography (Figs. 4 and 5) . Unfortunately, the reaction of pyrimidine 1 with thiophene 2c under the same conditions gave a mixture of tar products, which could not been identified by GCeMS.
It is worth noting that in the reactions of 5-bromopyrimidine (1) with 2-(het)aryl-thiophenes 2a,b compounds 17a and 17b are formed as by-products. 4-([2,2 0 ]-Bithiophenyl-5-yl)-pyrimidine (17a) was prepared previously by other way 12 and this compound was identified by GCeMS data. In order to prove the structure of by-product 17b, the synthesis of 17b was carried out by reacting unsubstituted pyrimidine (20) with 2-phenylthiophene (2b) in CF 3 COOH under the same reaction conditions (method G) (Scheme 5). 4-(5-Phenylthiophen-2-yl)-pyrimidine (17b) was obtained as an off-white crystalline product in rather good yield (69%). The retention time (in GCeMS) for the obtained compound 17b proved to coincide with that for the by-product derived from the reaction of 1 with 2b. The crystal structure of 4-(5-phenylthiophen-2-yl)pyrimidine (17b) was also confirmed by the X-ray diffraction analysis (see Fig. 6 ).
Unfortunately, all attempts to use a combination of the crosscoupling and S N H -reactions for pyrimidines bearing the bithiophene fragment have been unsuccessful. Indeed, 5-[2,2 0 ]bithiophenyl-5-ylpyrimidine (3b) proved to react with thiophene (2d) in CF 3 COOH followed by oxidation with K 3 Fe(CN) 6 , affording a mixture with the major component 3c, instead of 5-[2,2 0 ]bithio-phenyl-5-yl-4-thiophen-2-yl-pyrimidine (21a) (Scheme 6, Table 3 , entry 1). It seems the production of side-products 3c and 22 arises from the electrophilic aromatic substitution reactions of thiophene 2d with 3b.
Attempts to cause (hetero)arylation of thiophenes 2a,b with previously 12 obtained 5-bromo-4-thiophen-2-yl-pyrimidine (23) have also been unsuccessful. The reactions proved to be nonselective and led to complex mixtures including arylated products 21a,b and 24a,b and by-product 25 (Scheme 7, Table 3 , entries 2 and 3). Unfortunately, due to close retention times (in GCeMS) for compounds 21 and 24 we were unable to isolate these products.
Electrochemical and optical properties of (het)aryl substituted pyrimidines
Cyclic voltammetry of each isolated thiophenyl-substituted pyrimidine was done to determine their redox potentials (see Table 4 ). Both the reduction and oxidation processes of compounds 3aec, 16a,b, and 17b are not reversible, as seen in Figs. S1eS6 (see Supplementary data). This is expected, since the radical ions, which can be obtained in these processes, are highly reactive and able to cross-couple to form their corresponding dimers 11 as thin electroactive films on the platinum electrode. Unfortunately, we had no large-surface-area mesh electrode and could not obtain sufficient quantities of dimers for characterization. UVevis absorption and photoluminescent spectra of 3aec, 16a,b, and 17b were carried out and the results were summarized in Table 4 and Fig. 7 . The absorption maxima of 4-and 5-(het)arylated pyrimidine were bathochromically shifted in 3b, 3a, 17b, 16b, 16a, 3c sequence. The bathochromic shift suggests an introduction of a bromine atom (17b compared with 16a and 16b). On the other hand, the bathochromic shift implies an increased degree of conjugation resulting from the terthiophene unit relative to bithiophene (3c compared with 3a) and conjugation with the nitrogen atom (17b compared with 3b).
Concerning the photoluminescent spectra of 3aec, 16a,b, 17b, all compounds emitted in the violet/blue electromagnetic wavelength range (see Table 4 ). Quantum yields were high for 16a,b, 17b in comparison with 3aec probably due to the different positions of the (het)aryl substituent in these pyrimidines: the C(4) position of pyrimidine cycle seems to be more favorable. Meanwhile, the presence of a bromine atom leads to a decrease of quantum yields.
Molecular orbital calculations
Oligothiophenes are well known as photoactive compounds due to their ability to conduct electrons along the highly p-conjugated system of thiophene rings.
12 Our personal interest is focused on using them as sensitizers of semiconducting surfaces in dyes sensitized solar cells (DSSC), namely in classical 'titanium dioxideeI À 3 =I À redox couple' photovoltaic Gr€ atzel cell. 13 To evaluate their ability to transfer electrons to the conducting band of TiO 2 we have performed time-dependent density functional theory (TDDFT) calculations at CAM-B3LYP/6-311þþG** level. The choice of level of theory was based on the published benchmark done for coumarin dyes.
14 Authors have shown that the best estimates for excitation energies in photoactive systems can be achieved if long-corrected density functionals are used (LC-PBE, CAM-B3LYP, etc.). Previously published 2,2 0 -bithiophene case study on the quality of standard sulfur basis sets has shown the importance of inclusion of polarized and diffusion functions in basis set and recommended 6-311þþG** basis for oligo-and polythiophenes. 15 To improve the accuracy of calculated values, polarizable continuum model (PCM) was implied, using dichloromethane as a solvent. Calculated energy gaps between HOMO/ LUMO levels and parameters of the most intensive electron transitions for absorption and excitation are listed in Table 4 . Additionally cyclic voltammetry was performed to evaluate HOMO/ LUMO energy levels and to estimate the accuracy of calculations. Oxidation and reduction potentials are listed in Table 4 . Details of measurement are explained in 'Supplementary data' section. In general computations reproduced experimentally observed trends. Errors in calculated wavelengths for absorption and emission peaks were in range 1O30 nm. Oscillator strengths (f) for the strongest transitions were in good agreement with experimentally observed intensities for most compounds.
As one can see from this table, the energy gaps associated with light absorption are relatively higher than is desired for sensitizing agents for DSSC: w3e4 eV versus w2 eV. Indeed, the system is photoactively responsible to the change of structure and thus it will be possible to tune them up to the conducting level of TiO 2 (À4.0 eV) and I À 3 =I À redox potential (À4.8 eV). 16 For example, elongating the structure with extra thiophene ring (from 3a to 3c) shifted the absorption band closer to NIR area: from 320.6 to 359.8 nm, as calculated. The effect of structural change was even more drastic for the luminescent properties of compound 3a. The maximum of excitation was moved to 505.2 nm and by w67 nm. The elongation of conjugation was also reflected in higher intensities of light absorption/ emission. Calculated oscillatory strength of associated transitions rose from 0.857/0.920 to 1.204/1.311. a Calculated at CAM-B3LYP/6-311þþG**. b Calculated by TDDFT at CAM-B3LYP/6-311þþG** level. Introduction of an electron-withdrawing substituent to the pyrimidine ring (from 3a to 16a) created a subtle charge separation in the entire molecule. This resulted in a decreased energy gap, by 0.13 eV, and led to the small shift of wavelengths for absorption and emission, by around 17 and 7 nm, respectively.
The obtained energies of highest occupied molecular orbitals are in direct correlation with the oxidation potentials obtained by cyclic voltammetry. HOMO values were increasing and, consequentially, E pa values were decreasing in the following order: 16b<17b<3b<16a<3a<3c.
Visual representation of boundary molecular orbitals reflecting orbitals responsible for the absorption suggests that in order to increase it, stronger donor and acceptor groups should be introduced (Table 5 ). Otherwise the electron density will stay located on the same atoms along the whole molecule and no absorptiondenhanced charge separation will be introduced.
Conclusion
Microwave-assisted palladium-catalyzed CeH bond functionalization and S N H -reactions have proved to be versatile tools for the synthesis of regioisomeric 4-or 5-monothiophenylsubstituted pyrimidines, some of which showed relatively high fluorescent efficiency. The X-ray crystallography data for a number of new monothiophenyl-substituted pyrimidines have been presented. In summary, it is legitimate to say that the studied compounds can be potentially used for DSSC application, but additional modifications are required in order to do so. Future direction for the syntheses we are planning to follow is to create pushepull systems with stronger donor and acceptor groups attached to the opposite sides of the oligothiophene motif. The GCeMS analysis of all samples was carried out using an Agilent GC 7890A MS 5975C Inert XL EI/CI GCeMS spectrometer with a quadrupole mass-spectrometric detector with electron ionization (70 eV) and scan over the total ionic current in the range m/z 20O1000 and a quartz capillary column HP-5MS (30 mÂ0.25 mm, film thickness 0.25 mm). Helium served as a carrier gas, the split ratio of the flow was 1:50, and the consumption through the column was 1.0 mL min À1 ; the initial temperature of the column was 40 C (storage 3 min), programming rate was 10 C min À1 to 290 C (storage 20 min), the temperature of the evaporator was 250 C, the temperature of the source was 230 C, the temperature of the quadrupole was 150 C, and the temperature of the transition chamber was 280 C. Solutions of the samples with a concentration of 3e4 mg mL À1 were prepared in THF.
Samples of 1 mL of the obtained solutions were analyzed. Column chromatography was carried out using Lancaster silica gel 0.040e0.063 mm (230e400 mesh), eluting with ethyl acetate/ hexane, 1:2. The progress of reactions and the purity of compounds were checked by TLC on Sorbfil plates (Russia), in which the spots were visualized with UV light (l 254 or 365 nm). Microwave experiments were carried out in a Discover unimodal microwave system (CEM, USA) with a working frequency of 2.45 GHz and the power of microwave radiation ranged from 0 to 300 W. The reactions were carried out in a 10 mL reaction tube with the hermetic Teflon cork. The temperature of the reaction was monitored using an inserted IR sensor by the external surface of the reaction vessel.
X-ray intensity data were collected with an Xcalibur S diffractometer on standard procedure (Mo Ka (l¼0.71069 A) radiation, T¼295(2) K u-scanning with step 1 ). Crystal data and data collection parameters are summarized in Table 6 (see Supplementary data). Unit cell parameters were refined using all collected spots after the integration process. The details of the refinement and the final R indices are presented in Table 6 . Deposition numbers CCDC 921369 for 3a, CCDC 921368 for 16a, CCDC 921367 for 16b, and CCDC 921370 for 17 b contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Redox and optical properties
Cyclic voltammetry (CV) was performed with a potentiostat/ galvanostat Autolab PGSTAT128N at ambient temperature. The measurements were performed in anhydrous and deaerated dichloromethane solution containing the compound (2 mM) and Bu 4 NClO 4 (0.1 M) as a supporting electrolyte by the use of a platinum disk working electrode (2 mm diameter), a glassy carbon as a counter electrode, and a Ag/AgCl electrode as a reference electrode at a scan rate of 100 mV/s.
UVevis spectra were recorded for a 1Â10 À5 M dichloromethane solution with Shimadzu UV-2401PC spectrophotometer. Photoluminescent spectra were recorded for a 1Â10 À6 M dichloromethane solution on a Varian Cary Eclipse fluorescence spectrophotometer. Quantum yields (F) were estimated with 1N H 2 SO 4 solution of quinine bisulfate (F¼0.55) as a reference. 17 IR spectra of samples (solid powders) were recorded on a Spectrum One Fourier transform IR spectrometer (Perkin Elmer) equipped with a diffuse reflectance attachment (DRA) in the frequency range 4000O400 cm
À1
. Spectrum processing and band intensity determination were carried out using the special software supplied with the spectrometer.
Molecular orbital calculation
Quantum chemical calculations were performed by employing the Gaussian 09 program. 18 Compounds were fully optimized at CAM-B3LYP/6-311þþG** level. The minima were confirmed by frequency calculations. Then compounds were fully reoptimized at the same level of theory, but within PCM framework. TDDFT was done at CAM-B3LYP/6-311þþG** level. Solvent effects were simulated by polarizable continuum model including SCRF¼(Solvent¼Dichloromethane) keyword in the input file.
6.4. General procedure for the microwave-assisted palladium-catalyzed CeC coupling reactions 5-Bromopyrimidine (1) (79 mg, 0.5 mmol), the corresponding 2-(het)aryl substituted thiophene (2a, 2b or 2c) (1.0 mmol), Pd(OAc) 2 (11 mg, 10 mol %), PCy 3 (28 mg, 0.1 mmol), and K 2 CO 3 (207 mg, 1.5 mmol) were dissolved in DMF (5 mL). The resulting reaction mixture was deaerated by bubbling argon and irradiated in a microwave apparatus at 180 C (250 W) for 10 min. After that the solvent was distilled off under reduced pressure, and the residue was purified by flash column chromatography (hexane/ethyl acetate, 1:2) to afford the desired product (3a, 3b or 3c). Yields of reaction products are based on the molar amount of 5-bromopyrimidine used. The regioisomeric products 4a, 4b, and 4c were not isolated. Yield (see Table 1 Yield (see Table 1 Yield (see Table 1 , entry 7), dark yellow powder; mp 170e172 C. 6 (658 mg, 2.0 mmol, 2 equiv) in 5 mL water was added to residue. The resulting mixture was stirred for appropriate time (see Table 2 ) at room temperature, the precipitate or semisolid formed was filtered off, washed with H 2 O, and air-dried. The residue was purified by flash column chromatography (hexane/ethyl acetate, 1:2) to afford the desired S N H -product. Pathway B: To a stirred mixture of 5-bromopyrimidine (1) (79 mg, 0.5 mmol) and corresponding 2-(het)aryl-thiophene (2a, 2b or 2c) (0.6 mmol) in MeOH (3 mL) was added BF 3 $Et 2 O (1.1 mmol). The reaction mixture was stirred at room temperature for appropriate time (see Table 2 ) and evaporated. A solution of KOH (112 mg, 2.0 mmol, 4 equiv) and K 3 Fe(CN) 6 (329 mg, 1.0 mmol, 2 equiv) in water (5 mL) was added to residue. The resulting mixture was stirred for the appropriate time (see Table 2 ) at room temperature, the precipitate or semisolid formed was filtered off, washed with H 2 O, and air-dried. The residue was purified by flash column chromatography (hexane/ethyl acetate, 1:2) to afford the desired S N H -products. Yield (see Table 2 , entries 1e3), yellow crystal powder; mp Yield (see Table 2 2-Phenylthiophene (2c) (288 mg, 1.8 mmol) was added to a solution of pyrimidine (20) (120 mg, 1.5 mmol) in CF 3 COOH (3 mL). The reaction mixture was stirred at room temperature for
